In eutherian mammals, X chromosome inactivation (XCI) provides a dosage compensation 37 mechanism where in each female cell one of the two X chromosomes is randomly silenced. 38 However, some genes on the inactive X chromosome and outside the pseudoautosomal 39 regions escape from XCI and are expressed from both alleles (escapees). Given the relevance 40 of the escapees in biology and medicine, we investigated XCI at an unprecedented single-cell 41 resolution. We combined deep single-cell RNA sequencing with whole genome sequencing 42 to examine allelic specific expression (ASE) in 935 primary fibroblast and 48 lymphoblastoid 43 single cells from five female individuals. In this framework we integrated an original method 44 to identify and exclude doublets of cells. We have identified 55 genes as escapees including 5 45 novel escapee genes. Moreover, we observed that all genes exhibit a variable propensity to 46 escape XCI in each cell and cell type, and that each cell displays a distinct expression profile 47 of the escapee genes. We devised a novel metric, the Inactivation Score (IS), defined as the 48 mean of the allelic expression profiles of the escapees per cell, and discovered a 49 heterogeneous and continuous degree of cellular XCI with extremes represented by 50 "inactive" cells, i.e., exclusively expressing the escaping genes from the active X 51 chromosome, and "escaping" cells, expressing the escapees from both alleles. Intriguingly we 52 found that XIST is the major genetic determinant of IS, and that XIST expression, higher in 53 G0 phase, is negatively correlated with the expression of escapees, inactivated and 54 pseudoautosomal genes. In this study we use single-cell allele specific expression to identify 55 novel escapees in different tissues and provide evidence of an unexpected cellular 56 heterogeneity of XCI driven by a possible regulatory activity of XIST. 57 58 59 60 65 chromosome is transcribed (Xa; X-active), whereas the second X chromosome is silenced 66 (Xi; X-inactive) (Lyon 1961). Marsupials have an imprinted pattern of XCI, and the paternal 67 allele is predominantly inactive (Sharman 1971). In mice, an imprinted form of XCI occurs 68 3 through early embryonic developmental stages (4-8 cell stage)(Huynh and Lee 2003; 69 Okamoto et al. 2004; Okamoto et al. 2005; Patrat et al. 2009), followed by inner cell mass 70 reactivation and random XCI in epiblast cells (Mak et al. 2004). In humans, the two X 71 chromosomes are active during post-zygotic stages, achieve gene dosage compensation by 72 dampening their expression up to or even after late blastocyst formation, until one of the X 73 chromosomes is randomly inactivated in each cell (Petropoulos et al. 2016). In female 74 somatic cells, random XCI is stable, resulting in a mosaicism for gene expression on the X 75 chromosome, in which an average of 50% of cells express the active paternal X and 50% the 76 active maternal X alleles. Most of the genes on the Xi chromosome are transcriptionally 77 silenced through epigenetic processes initiated by the X Inactivation Center (XIC) and spread 78 along the Xi chromosome during early embryogenesis (Lyon 1961). The XIC encodes several 79 genes, including XIST, a long non-coding RNA (ncRNA) essential for initiating and 80 completing XCI (Brown et al. 1991; Ballabio and Willard 1992; Brown et al. 1992). XIST 81 RNA molecules mediate the establishment and maintenance of XCI in subsequent cycles of 82 mitotic division by coating the Xi chromosome and recruiting Polycomb Repressive Complex 83 2 with repressive chromatin modifiers (Lee and Bartolomei 2013). It has been shown that the 84 coating of the Xi is regulated by the interaction between XIST ncRNA and the Lamin B 85 receptor (LBR)(Chen et al. 2016a). This interaction is needed for the recruitment of Xi to the 86 nuclear lamina and the subsequent spread of XIST ncRNA to actively transcribed regions 87 (Chen et al. 2016a). 88 However, not all X-linked genes are inactivated. In females, genes that escape from XCI 89 (escapees) represent 15-25% of the X-linked genes, and a further 10% of escapees differ 90 between individuals and cell types (Carrel and Willard 2005; Prothero et al. 2009; Yang et al. 91 2010; Cotton et al. 2013; Crowley et al. 2015). Such genes have been associated to sex-92 specific traits and to clinical abnormalities in patients with X chromosome aneuploidy, such 93 as Turner and Klinefelter Syndromes (Berletch et al. 2011). Pathogenic variants in escapees 94 also contribute to various disease phenotypes in women carriers, including Kabuki syndrome 95 (KABUK1 [MIM 147920])(Lederer et al. 2012; Miyake et al. 2013), intellectual 96 disabilities(van Haaften et al. 2009; Grasso et al. 2012; Jones et al. 2012; Gropman and 97 Samango-Sprouse 2013; Zhang et al. 2013; Dunford et al. 2016). Genes escaping XCI have 98 been previously identified by whole tissue studies using different approaches, such as X-99 linked gene expression comparisons between males and females (Yasukochi et al. 2010), 100 detecting allelic imbalance in clonal lymphoblast and fibroblast cell lines (Cotton et al. 101 2013),identifying inactivated and active transcription start sites by methylation profiles 102 4 (Cotton et al. 2015)and among female individuals with X chromosome aneuploidies (Sudbrak 103 et al. 2001) 104 The ability to capture single cells and to study their allele-specific expression (ASE) (Borel et 105 al. 2015) provides the opportunity to explore XCI patterns at the single-cell level and to 106 identify escapee genes. Recent studies on mouse single cells demonstrated the robust nature 107 of this technology to monitor the dynamics of XCI through differentiation(Chen et al. 2016b), 108 mouse preimplantation female embryos (Borensztein et al. 2017) and in clonal somatic cells 109 (Reinius et al. 2016). Recently, (Tukiainen et al. 2017) performed an across-tissue study of X 110 inactivation and partially validated their observation performing shallow sequencing (1Mio 111 reads x cell) on 940 single cells from lymphoblasts and dendritic cells. Here, using RNA-Seq 112 at high sequencing depth (40Mio reads per cell), we studied the X-linked ASE in 983 113 isolated, unsynchronized single fibroblast and lymphoblast cells and established the degree of 114 XCI after the removal of potential confounding effects. One of the caveats of allele 115 expression quantification in single cells is represented by the allele dropout, which randomly 116 affects the detection of one of the two alleles of poorly expressed genes (Stegle et al. 2015).
INTRODUCTION
In eutherian mammals, X chromosome inactivation (XCI) is a well-described mechanism of 63 dosage compensation for the X chromosome in females (Lyon 1961; Penny et al. 1996; Chow 64 and Heard 2009; Bartolomei and Ferguson-Smith 2011). In female cells, only one X Table S1 ). Doublets expressing concordant haplotypes cannot be detected with this our in 151 silico approach; however, they do not inflate the number of false positive escapees and, 152 consequently, they do not have an impact on escapee gene discovery and XCI analysis. Identification of escapee genes 155 To estimate the allelic ratio (AR) for each gene in each cell, we calculated the ratio of the 156 number of reads supporting the cell-specific expressed haplotypes over the total number of 157 reads covering all single nucleotide variants (SNV) of a gene (See Methods). Fully 158 inactivated genes displayed an AR equal to 1. In the relaxed discovery set of escapee genes, 159 putative escapees were defined as having an AR =< 0.95 in at least one individual. The 160 rational and the choice of this threshold is explained in the methods. The gene is considered 161 as inactivated (i.e. exclusively expressed from the active chromosome) otherwise. As a proof 162 of principle of the reliability of our approach we first confirmed that XIST is expressed 163 exclusively from the inactivated allele by analyzing its AR in all cells from individuals 3 and 164 4 (i.e monozygotic twin samples), for which we were able to phase the haplotypes from 165 parental genotyping (Supplemental Figure S3 ). As an additional control we examined the 166 allele expression profile of genes in PAR1 and PAR2 regions. As expected, all of these genes Supplementary Table S2 ). As expected, the majority of chrX genes showed an inactivated status in all the cells (Figure 2   171 and Supplemental Table S2 ). From a total of 296 genes interrogated in at least one individual, 172 we identified the relaxed set of 55 escapees (18.5%): 50 of them previously described to 173 escape XCI in at least one study, and 5 novel escapees (INE2 (antisense gene) , STK26, 174 UQCRBP1, LINC00630 and TTC3P1) (Figure 2, S3) . Out of 203 genes with AR information 175 from at least 2 individuals, we classified as robust escapees 22 genes (10.9%) which exhibit 176 an escapee status in at least two individuals including 3 novel genes (INE2, STK26 and 177 TTC3P1). As expected, the power to detect a gene escaping XCI is linearly related with the 178 respective expression level (Supplemental Figure S4 ). The number of overlapping escapees 179 among all individuals is shown in a Venn diagram (Supplemental Figure S5) . Results from 180 both relaxed and robust sets are consistent with the current understanding of XCI, in which is 181 predicted that 10% to 20% of X chromosome genes escape XCI (Carrel and Willard 2005) . 182 In addition, we analyzed 48 single cells from a lymphoblastoid cell line derived from the 183 individual 5 to investigate the escapee concordance with the fibroblasts. After quality control 184 and doublets removal, we were able to classify 9 genes as escapee in lymphoblastoid cells 185 with 5 of them being known escapees (DDX3X, KDM6A, MSL3, PUDP, ZFX), and 4 novel 186 escapee genes (IDS, SLC9A7, STAG2, STK26) . We observed that, though expressed and 187 having an informative heterozygous site, the MSL3, IDS, SLC9A7, and STAG2 genes were being inactivated in some cells and escaping XCI in others ( Figure 3 ). Specifically, we 201 calculated a cellular escaping ratio per escapee gene as the proportion of cells escaping XCI 202 with respect to the total number of cells expressing the gene. Some genes displayed a stable 203 cellular escaping ratio among all the individuals, while others were more variable. For 204 7 example, CA5BP1 showed consistent cellular escaping ratios ranging from 37% to 52% ; 205 ZFX, a known constitutive escapee (Schneider-Gadicke et al. 1989) , presented with cellular 206 escaping ratios ranging from 85% to 100%, while DDX3X had a broader range going from 207 29% to 61%. Overall, escapees had different cellular escaping ratios, thereby suggesting that 208 each escapee gene is independently regulated.
209
The observed cellular pattern of XCI of the escapees (Figure 3 ) suggests a variable cellular 210 ability of expressing genes from the inactivated allele. To investigate this hypothesis, we 211 calculated the Inactivation Score (IS) for each cell defined as the mean AR of the escapee 212 genes detected per cell (we considered only cells expressing at least two escapees). For each 213 individual, we ordered the cells according to the respective IS and discovered that the 4A). This suggested a cellular stratification that reflect the propensity of each cell to escape 216 XCI, as confirmed by the proportion of escapee genes per cell ( Figure 4B ). As expected, the 217 Inactivation Score is strongly negatively correlated with expression from the inactive X 218 chromosome (Supplemental Figure S6) . Notably, in all five individuals, we observed two 219 special groups of cells: one in which all the detectable escapees behaved as inactivated and 220 another where all detectable escapees expressed both X alleles ( Figure 4B ). These two 221 extreme cell populations represent on average 15% of the total number of aggregate cells 222 among the individuals (individual 1: 20%, individual 2: 14%, individual 3: 8%, individual 4: 223 7%, individual 5: 26%). As a control, we calculated the Inactivation Score of the remaining 224 inactivated genes per cell (all close to 1, as expected. Figure 4A , right panel). Overall, these 225 results demonstrate that XCI is a complex intra-and inter-individual heterogeneous process, 226 and the ability to escape from X inactivation varies from gene to gene, from cell to cell and 227 also among individuals. The evidence of similar cell stratification in all individuals suggests 228 the existence of a general regulatory mechanism that controls the propensity of a cell to 229 express genes from the inactivated allele.
231
Potential drivers of cellular XCI heterogeneity 232 We hypothesized that the cellular XCI heterogeneity may be associated with the level of 233 expression of genes on the X chromosome. To explore this hypothesis, we correlated the X-234 linked gene expression (RPKM > 1) with the Inactivation Score. After FDR correction for 235 multiple testing, genes were ranked based on the adjusted p-value ( Figure 5A ). Notably the 236 8 only gene positively and significantly correlated with IS was XIST (nominal p-value = 3.2 x 237 10 -5 ; adj. p-value = 3.0 x 10 -3 ). XIST is a well-known non-coding RNA that regulates the 238 establishment and the maintenance of XCI (Brown et al. 1991). Other significantly albeit 239 negatively associated genes were EIF2S3, CD99, NDUFA1, RPL10 and BCAP31. We further 240 investigated the correlation of XIST expression with inactivated genes and all escapee genes 241 (relaxed and robust sets) and genes located in PAR regions. Notably we observed a 242 significant trend of negative correlations between XIST expression and the majority of the 243 genes for all four categories (H0: mean of distribution of correlation coefficients = 0; 244 inactivated genes p = 2.06 x 10 -83 ; PAR genes p = 6.49 x 10 -4 ; Relaxed escapee p= 1.01 x 10 -245 6 ; Robust escapees p= 4.19 x 10 -4 , Mann-Whitney two-tailed test, Figure 5B ). This suggests a Figure 6 ). In agreement with our previous observations, the Inactivation Score 253 was also significantly higher in G0 than in G1 cells on average ( Figure 6 ). These results 254 together support the hypothesis that XIST ncRNA tends to be more expressed in the resting 255 G0 phase than in G1 and, consequently, the expression of the escapees from the inactive 256 chromosome is reduced in this cell cycle stage. We could not identify any cell-cycle driven 257 effect for the remaining cell cycle stages, likely due to a limited statistical power (small 258 number of single cells classified in these cell cycle stages, Figure 6 ). Our study, using human single-cell RNAseq datasets, points to a pervasive heterogeneity in 263 escaping XCI. We have shown that escapees have a different allelic expression profile in 264 single fibroblasts from the same individual. More than 50% of the escapees had the tendency 265 to be mainly expressed from Xa (Figure 4) , while ZFX and PUDP exhibited an overall 266 biallelic expression in more than 70% of the cells. We also observed that some escapees (Cotton et al. 2013; Berletch et al. 2015) . A more 272 recent study revealed the contribution of 6 escapee genes (TRX, CNKSR2, DDX3X, KDM5C, 273 KDM6A, MAGEC3) to cancer sex bias (Dunford et al. 2016) . Here, we confirmed the escapee 274 status for DDX3X, KDM5C and KDM6A. We observed that the inter-individual DDX3X 275 inactivation profile is highly variable and thereby could potentially be associated with 276 differences in cancer predisposition occurring among female individuals.
277
Among the genes that we detected as escapees in this study, HUWE1 encodes for an E3 Fragile X syndrome (Kremer et al. 1991) . We hypothesize that the phenotypic variability of 307 these diseases may be partially explained by variable penetrance and variable expressivity 308 issues in these gene-disease associations due to the observed variable escapee status of their 309 respective causative genes in the relevant tissues.
310
It has been recently observed in a mouse study that some genes escapee XCI in a fraction of 311 cells only ( Reinius (Reinius et al. 2016 )et al .2016 . We confirmed and extended this 312 observation with the finding that XCI heterogeneity extends from genes to single cells. Using 313 the Inactivation Score as a metric for cellular propensity to escape XCI, we indeed showed 314 that cells from the same individual have a variable propensity to transcribe the escapee genes 315 from Xi. According to the IS, those cells stratify into three classes: cells where all escapees 316 are expressed from the inactive allele, cells where all escapees are inactivated, and cells with 317 an intermediate profile ( Figure 4B ). We have shown that the observed cellular heterogeneity 318 is driven by the expression profile of XIST in single cells which is in turn strongly and 319 positively correlated with the Inactivation Score. We found five genes negatively associated 320 with IS. EIF2S3 encodes the gamma subunit of the translation initiation factor 2 which is (Table S1 ). We captured 935 single-cell fibroblasts and 48 Figure S7 ).
397
Allele-specific expression and classification of escapee genes 398 For each gene on the X chromosome, the aggregate monoallelic ratio (AR) per cell was 399 calculated by averaging the allelic ratio of the reads covering the respective heterozygous 400 sites (AR = sum of number of reads from the active X allele / total SNV reads; 0≤AR≤1).
401
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